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Quarkonium in heavy ion collisions: theory meets
experiment

Dynamics of heavy quarks and quarkonium

Monte Carlo for heavy quarks and quarkonium

Another particle: Bc mesons
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J/ψ suppression

At high temperatures, electric fields are screened, changing the
quarkonium spectrum.
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duction of dynamical quarks will, if anything, 
enhance the screening, as it increases the density of 
colour-carrying constituents. 

The quark-antiquark interaction in SU(N) gauge 
theory is parameterized by the correlation function 
F (r, T), where r denotes the distance of separation 
for the static qq system and Tthe temperature of the 
gluonic heat bath. For large r, F(r, T) decreases 
exponentially, 

F(r, T) ~exp[  -r/~( T)] , (1) 

with ~(T) denoting the correlation length. Its tem- 
perature dependence is shown in fig. 1, as obtained 
from the correlation of Polyakov loops in lattice gauge 
theory [ 5,6]. To convert the lattice results into phys- 
ical units, we have fixed the deconfinement temper- 
ature T,.=200 MeV. We note that ~ drops quite 
rapidly with Tand  that at T/Tc= 1.5, is of the order 
of 0.2-0.3 fro. From what was said above, we expect 
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Fig. 1. Temperature dependence of the correlation length, as 
obtained in SU(2)  gauge theory (solid dots, from ref. [5] ) and 
in SU(3) gauge theory (open circles, from ref. [6] ); here 7~.=200 
MeV was used to fix the scale. 

this to be an upper bound for the colour screening 
radius rD(T) in QCD with dynamical quarks. In par- 
ticular, in full QCD, there will be colour screening 
between quarks even at To, whereas the static quarks 
in pure gauge theory experience at that point an 
effectively unscreened three-dimensional Coulomb 
field. 

Let us now consider J /~ production, first in had- 
ron-hadron collisions. The dominant mechanism [ 7 ] 
is hard parton-parton interaction, producing ce pairs. 
The subsequent resonant interaction of the ce system 
then leads to J/~' production. If, however, the cc pro- 
duction occurs in a nuclear collision, and if such col- 
lisions result in a quark-gluon plasma, then the 
produced ce finds itself in a deconfining environ- 
ment. Provided the temperature of this environment 
is sufficiently high-i .e . ,  provided the screening 
radius rD(T) is smaller than the binding radius 
r~/~(T)- then the resonance interaction cannot 
become operative and J/~, production will be prohib- 
ited. The c and the c will proceed on separate trajec- 
tories aand eventually lead to the production of "open 
charm" mesons (cO, eu, etc.). 

To assure that this J/~u suppression in nuclear col- 
lisions indeed constitutes an observable signature of 
plasma formation, we must answer a number of  
questions: 

(i) Can the J/~, escape from the production region 
before plasma formation? 

(ii) At what temperature does rD(T) fall below 
r~/~,(T), and how does rj/~,(T) behave as function of 
7?.. The large mass gives the J/~' a smaller radius than 
that of conventional mesons, and sufficiently small 
hadrons could survive deconfinement as coulombic 
bound states until much higher temperatures. 

(iii) Are there competitive non-plasma J/~, 
suppression mechanisms? 

(iv) Could the J/~u suppression in the plasma be 
compensated in the transition or hadronization stage? 

(v) Could enhanced non-resonant production of 
lepton pairs ("thermal dileptons") prevent the 
observation of the J/~,? In this case, we could not 
study deconfinement directly, although plasma for- 
mation would still be the cause for not seeing J/~,' s. 
We will now take up these questions. 

The time ro after the collision, which is necessary 
to form a plasma in something like thermal equilib- 
rium, is expected to be of  the order of one fermi [8]. 
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Matsui and Satz: Correlator of a
color singlet system
Γ ∼ exp(−r/ξ(T )). ξ(T ) steadily
drops with T , at some point going
below rBohr for the J/ψ. At this
temperature, the J/ψ is suppressed.

This suggests J/ψ particles do not
exist in much of the heavy-ion
collision; they are strongly
suppressed.

3 / 20



J/ψ suppression: the reality

Complicated
suppression pattern:
the “minimum” of
RAA apparently
reached at RHIC.
ALICE finds RAA flat
in Npart.

RAA exhibits an
extremely complex set
of dependencies on T ,√

s, and p,
unexplained by Matsui
and Satz.
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Charmonia: status before 2nd PbPb@2.7TeV 

•  All suppressed, but no clear 
pattern/picture 

•  Interplay of hot and cold 
medium effects 
–  Shadowing, nuclear absorption 
–  Regeneration, colour screening 
–  feed-down (pT-dependent) 

•  Quarkonium production in 
pp is not fully understood 
theoretically 
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Revisiting quarkonium at finite T

Possibly important missing pieces:

IThe quarkonium spectrum examined directly in lattice QCD:∫
d3x 〈Jµ(x, τ)Jµ(0, 0)〉, ρ(ω) extracted (Datta et al.).

IExamining which potential (U , F ,...) best describes the quarkonium
spectrum at T ∼ Tc (Mocsy and Petreczky, Shuryak and Zahed).

IJ/ψ forms early and evolves dynamically (Rapp and Zhao, CY and Shuryak).

IRecombinant production enhances production at large
√
s.
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Revisiting quarkonium at finite T

However:

Greatly differing models of quarkonium production still exist (statistical
hadronization without dynamics, Matsui-Satz models with sequential
suppression).

The physics of these models are radically different!

Cold nuclear matter effects, experimental cuts, and the opposite signs of
recombinant production and suppression make charmonium very difficult
to use as a decider for the validity of theoretical models; however,
charmonium with bottomonium provide some hints.

A state produced only recombinantly would be extremely useful (more on
that later).
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A single heavy quark above deconfinement

When M � T , p, the dynamics described by 3κ =
∫

d3q|q|2 dΓ
dq3 .

How to determine?

IHTL effective theory (poor convergence from LO to NLO for realistic αs)
(Moore and Teaney, Caron-Huot and Moore).

ILattice QCD (analytic continuation of Euclidean correlators difficult).

IAdS/CFT for strongly-coupled gauge theories (not QCD) (Gubser,
Casalderrey-Solana and Teaney).

Current phenomenology of heavy quark elliptic flow gives 3κ ≈ 4T 3, larger
than LO HTL estimates but smaller than in strongly-coupled N = 4 SYM
theory.
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A single heavy quark above deconfinement

When M � T and γv . 1, dynamics described by the relativistic
Langevin equation:

dpi

dt
= −ηpi + ξi(t),

〈
ξi(t)ξj(t ′)

〉
= κδijδ(t − t ′).

Requiring 〈p2(t)〉 to approach the thermal value gives the Einstein
relation:

η = κ/2MT
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Modelling quarkonium with Langevin dynamics

Loosely bound quarkonium can also be described with a relativistic
Langevin equation. For each quark J in a pair forming quarkonium,

dpiJ
dt

= −ηpiJ + ξiJ(t)−∂V (xK )

∂x iJ
,

〈
ξiJ(t)ξjK (t ′)

〉
= κδijδJKδ(t − t ′).

Disassociation of J/ψ now dynamical, includes the physics of
potentials with both real and imaginary parts. A satisfactory
description at strong coupling.
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Heavy quark hadronization at freeze-out

In elementary collisions, color evaporation model: if M < 2MD , where
M =

√
(p1 + p2)2, the heavy quarks form a quarkonium state. Simple,

successful across experiments (color singlet model underpredicts, color
octet (NRQCD) model has many parameters).

However, in AA collisions, how to take into account non-trivial evolution in
momentum and position?

Modified color evaporation model: M =
√

(p1 + p2)2 + VCornell(rCM).

Useful for calculating recombinant production (Q and Q̄ from separate
perturbative processes) and Bc yields.
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martini for heavy quarks

Monte Carlo a necessity for any comparison of theory with
RHIC or LHC results. martini (Schenke, Gale, Jeon, CY)
follows the following steps:

I Shadowing and anti-shadowing of pdf’s, averaging over
isospin

I pythia8 for multiple final states via parton showering

I Solving of the relativistic Langevin equations
numerically, for an ensemble of heavy quark pairs,
informed by the 3+1-dimensional hydrodynamical
evolution calculated by music (Schenke et al. 2009)

I Hadronization using the modified color evaporation
model
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RAA for J/ψ and martini
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The surviving component of the J/ψ yield not enough to explain the total
yield. Including recombinant production is needed.
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D and J/ψ v2(pT ) with martini
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Flow of J/ψ and D mesons explained with different kinetic freeze-out
temperatures for the different mesons (sequential freeze-out).
Tkin = 190 MeV consistent with Euclidean quarkonium correlators.
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Bc meson production

Bc mesons are predicted for heavy ion collisions (Schroedter et al. 2000); the
yields for these states in elementary collisions are small.

I Mostly produced
recombinantly, testing
models for in-medium
hadronization.

I Sensitive to heavy quark
densities at hadronization;
an indirect probe of Tch for
quarkonia.

I Measurements at RHIC and
the LHC complementary.
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My question for this audience:

Bc → J/ψ + µ+ + ν̄µ → µ+ + µ− + ...:

VTX is expected to determine the contribution of B mesons to J/ψ yields.

Bc mesons are distinguished from other B mesons by its large invariant

mass → analysis of Bc meson yields would use
√

p2
J/ψ + p2

µ.

Can PHENIX and STAR devote resources to analysis of Bc yields?
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